Carbon was in situ doped into GaN during halide vapor phase epitaxy and photoluminescence properties of the C-doped GaN film were investigated. It has been found that incorporation of carbon into GaN produces a significant yellow luminescence around 2.2 eV. The peak position of the yellow band blueshifts linearly and the intensity of that band monotonically decreases with measurement temperature, with systematic changes in the linewidth. These results suggest that multiple donor-acceptor recombination channels are involved in the yellow luminescence. © 1998 American Institute of Physics. ͓S0003-6951͑98͒02013-0͔
Carbon may also combine with other defects, such as Ga vacancies, 7 due to the electronegativity and size differences between the carbon impurity and host atom. Carbon impurities are also believed to be related to yellow luminescence ͑YL͒ in GaN. [7] [8] [9] [10] Some of the initial photoluminescence ͑PL͒ studies on C-doped GaN were carried out by Pankove and Hutchby. 7 They reported that C-implanted GaN exhibited a strong yellow luminescence band centered around 2.17 eV at 78 K. This band was attributed to defects arising from implantation damage, since the YL band could also be seen in samples implanted with other elements. 7 Ogino and Aoki 8 found that the YL in both GaN microcrystal powder and needlelike crystals was greatly enhanced by intentional introduction of carbon into those materials. They concluded that the carbon impurities were crucial for YL. The YL was suggested to involve a radiative transition between a shallow donor, with the ionization energy of ϳ25 meV, and a deep acceptor, situated 860 meV above the top of the valence band. 8 Polyakov et al. 9 and Niebuhr et al. 10 have also attributed the observed YL in GaN grown by MOVPE to carbon impurities. The halide vapor phase epitaxy ͑HVPE͒ technique does not use carbon containing source materials but only uses NH 3 , HCl, and ultrapure Ga to synthesize GaN. 11, 12 Carbon would only appear in these materials as an unintentional dopant. The YL band in typical HVPE-grown GaN is either absent or very weak 11, 12 in agreement with the lack of carbon in the growth system. HVPE-grown GaN is therefore a suitable technique to study the correlation between YL and C atoms in GaN by intentional C doping during GaN growth. In this letter, we will report on the PL properties of C-doped GaN grown by HVPE. We have found that incorporation of C into GaN produces significant YL in these HVPE-grown GaN layers. PL measurements operated at variable temperature show a clear dependence of peak position, peak width, and intensity of YL on the measurement temperature. All results indicate that there are multiple transition channels involved in YL. Comparison of the PL properties of C-doped GaN films to those of non-C-doped GaN samples have also shown that a variety of recombination mechanisms lead to the appearance of the PL band in the YL energy regime.
All GaN samples were grown on ͑0001͒ sapphire substrates in a horizontal atmospheric pressure HVPE system. Details of the reactor and growth technique were described elsewhere. 12 The reactive gases were injected into the chamber by separate inlets and mixed just above substrate to prevent premature gas phase reactions. NH 3 was used as the nitrogen source and the mole fraction of NH 3 was kept approximately constant at X NH 3 Х0.11. HCl was reacted at a high temperature with the liquid Ga to form GaCl. The GaCl was transported to the substrate which was held at a higher temperature. Temperature of the Ga boat was kept at 850°C while the substrate temperature was 1030°C. N 2 was used as carrier gas. The input ratio of NH 3 to HCl was 30. The only intentional dopant specie was carbon, supplied as high purity 10% propane in hydrogen mixture. The propane/H 2 mixture was added to the growth system through a separate N 2 buffer line. 12 The mole fraction of C 3 H 8 in the reactor was varied from 1.8ϫ10 Ϫ4 to 3.3ϫ10 Ϫ3 . The growth rate under that condition was in the range of 1-1.7 m/min and the thickness of samples was between 30 and 50 m. The surface morphology was dominated by hexagonal surface features and very regular cracks. The cracks were due to the differential thermal expansion between the GaN film and the sapphire substrate.
The double-crystal x-ray diffraction technique was used to characterize the structural properties of the epitaxial films. The rocking-curve measurements gave a range of full width a͒ Electronic mail: kuech@engr.wisc.edu APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 13 30 MARCH 1998 half maximum ͑FWHM͒ from 495 to 869 arcsec. All samples were n type. The C doping efficiency was studied through the use of secondary ion mass spectroscopy ͑SIMS͒. Two samples have been tested and compared. One sample was grown by the NH 3 -GaCl-N 2 system, while another was grown with the addition of 15 sccm C 3 H 8 /H 2 into the system ͑named sample A hereafter͒. The unintentionally doped sample had a measured carbon concentration that was р2ϫ10
16
, which is at the detection limit of the SIMS measurement for carbon. The presence of a propane mole fraction of X C 3 H 8 ϭ1.8ϫ10 Ϫ4 lead to a rapid increase in the carbon content up to a measured value of 5ϫ10 18 cm
Ϫ3
. The room-temperature Hall measurement on this sample gave an electron concentration of 4ϫ10 18 cm
. This result indicates that although carbon is considered to be an acceptor, there is continued compensation of the incorporated carbon by the generation or incorporation of additional shallow donors. These shallow donors continue to dominate the electrical properties of the GaN film. The measured room-temperature Hall mobility of that sample was 90 cm 2 V Ϫ1 s
Ϫ1
. Photoluminescence was employed to study the optical properties of GaN samples. The PL was excited by the 325 nm line of a HeCd laser and the excitation power intensity was 2.5 W/cm 2 . All C-doped samples showed both sharp band edge ͑BE͒ luminescence and the YL band at both low and room temperature. A typical low-temperature PL spectrum, where the measurement temperature was 11.5 K, of sample A is presented in Fig. 1 . In that figure, the two major luminescence bands are shown with the BE band being most prominent. The FWHM of the BE peak at that temperature is 7.4 meV for this intentionally C-doped GaN sample. There are several individual bound exciton and free exciton peaks contained within our BE peak. 13 At very low measurement temperatures, such as 11.5 K in Fig. 1 , the principal contribution to the BE peak should be due to excitons bound to the donors attributed to the n-type background doping. At a much lower emission intensity, a broad luminescence band around 560 nm emerges. The intensity of this YL band is two orders less than that of the BE band under our measurement conditions. This intensity difference is associated with the reduced concentration of defects, relative to MOVPE and other techniques grown materials, responsible for the YL band.
Figures 2͑a͒ and 2͑b͒ display PL spectra of sample A determined over the temperature range of 20-300 K for the energy ranges of 3.1-3.54 eV and 1.75-3.1 eV, respectively. In Fig. 2͑a͒ , the BE peak becomes broader and less intense, and the energy position of that peak shifts to low energy side as temperature increases, similar to other results reported in the literature. 13 At Tϭ20 K, the BE peak is located at 3.4862 eV with the FWHM of 9.8 meV. At Tϭ300 K, the BE band moves to 3.4254 eV and the FWHM becomes 53.5 meV. The intensity of the BE luminescence decreases by a factor of about 100 from 20 K to room temperature. It can also be seen from Fig. 2͑a͒ that another wide emission band centered around 3.35-3.4 eV becomes visible and comparable to the BE band when the temperature is increased from 20 to 300 K.
The intensity and peak position of the YL bands in Fig.  2͑b͒ are less temperature dependent than the BE band shown in Fig. 2͑a͒ . From 20 to 300 K, the intensity of the YL only decreases by half while the peak position shifts ϳ25 meV. The FWHM of the YL band changes very little from about 0.49 eV at 20 K to 0.475 eV at 300 K. All parameters of the YL band are summarized in Fig. 3 . The change in the YL peak position can be well described by a linear law, ⌬E ϭ1.08kT, which agrees well with the configuration coordinate ͑CC͒ model for donor-acceptor pair recombination. 14 The proportionality factor of 1.08 is, however, almost half of that calculated from data in Ref. 8 . The YL band peak position presented here is also substantially different from that reported by Ogino and Aoki, 8 where the YL peak shifts to a lower energy due to a combining effect of both the temperature dependence of the energy gap and the linear shift expected in the CC model as the measurement temperature increased. These results indicate that the shallow states involved in the YL transition in the HVPE-grown GaN layers are less influenced by the temperature-induced change of the band edge.
The intensity of the YL band in the GaN:C films de- creases monotonically from low to high temperature and this dependence cannot be fit a simple single exponential curve.
In fitting low-temperature data, an activation energy of 8.6 meV can be obtained. The FWHM of YL band exhibits a complex behavior with temperature, i.e., the FWHM initially increases and then decreases as measurement temperature is increased. The nonexponential behavior of the peak intensity combined with the complex dependence of the FWHM implies that there were multiple recombination channels contributing to the YL band. These channels, arising from different chemical or physical origins, will each have a separate temperature dependence. The peak width and position of the entire YL band will be dependent on the relative concentration and recombination kinetics of these channels leading to a complex behavior with temperature. Our measurements indicate that this defect luminescence band has a complex origin, both chemically and physically. In order to distinguish whether the C 3 H 8 or the H 2 introduced in the C 3 H 8 /H 2 mixture in the growth system leads to the appearance of the YL band, GaN films were grown by HVPE under the same conditions of the C-doped samples except for the absence of C 3 H 8 but in the presence of the additional H 2 flow and studied by PL. 15 The typical background carbon concentration in these ''H 2 -doped'' samples was determined by SIMS ϳ4ϫ10 16 cm
Ϫ3
, which is about two orders lower than the intentional C-doped samples and close to or at the SIMS detection limit. In the ''H 2 -doped'' sample, a strong YL band is observable and comparable to the BE band at both low and room temperatures. The variable temperature PL spectra show substantial differences in the YL peak position, intensity, and FWHM when compared to the C-doped samples. These results again support the idea that there are multiple origins for the spectral features in the wavelength regime associated with the YL band. The YL band can be induced by a variety of mechanisms with the features of the YL band that are C-doping related presented here. The detailed characteristics of the ''H 2 -doped'' samples will be presented elsewhere.
In conclusion, photoluminescence properties of in situ C-doped GaN grown by HVPE have been studied. We have found that direct and controlled incorporation of carbon into GaN can produce a significant YL band. The energy position of the YL band blueshifts linearly and the intensity of the YL band decreases monotonically with temperature. The temperature dependence of the FWHM of the YL peak implies that there are multiple channels related to the YL band in these films. Comparison of the PL properties of C-doped GaN films to those of GaN samples grown in the presence of additional H 2 in the growth ambient have shown that the PL features of the YL range can originate from different mechanisms. 
